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I. INTRODUCTION
Magnetic materials that exhibit perpendicular magnetic anisotropy (PMA) are promising candidates for the development of ultrahigh-density and ultralow-energy spintronic memory and logic devices, due to their high thermal stability, and scalability [1] [2] [3] [4] . Recently, interfacial PMA materials have made considerable progress in the application of spin-transfer-torque magnetic random access memory (STT-MRAM) [5] [6] [7] [8] . However, because of their relatively low PMA value (K u~2 -5
Merg/cm 3 ) and relatively large damping constant (α~0.015-0.027) [5, 9, 10] , they may not fully satisfy the scaling demands needed for next-generation spintronic memory and logic devices. When scaling spintronic devices to commercially sustainable sizes, like 10 nm nodes, large K u and low α values are required to realize longer retention times and ultra-low switching current densities. The manganese (Mn)-based Heusler alloys [11] [12] [13] [14] [15] and the L1 0 -FePd are promising candidates for satisfying these requirements. Compared with the Mn-based Heusler alloys, the L1 0 -FePd bulk PMA material possesses very attractive properties, such as a large K u (13-14 Merg/cm 3 ) [16, 17] , a low α (0.002) [18, 19] , and a low processing temperature (200 o C) [20] , which are summarized in Table 1 . Furthermore, the switching current density (J c ) for spintronic memory devices, such as STT-MRAM, is a critical parameter, defined by
  has been demonstrated experimentally, however, the M S of ~1100 emu/cm 3 is relatively high. A promising solution to lower its Ms is to develop a synthetic antiferromagnetic (SAF) structure [22, 23] , in which two ferromagnetic layers are coupled antiferromagnetically through a spacer so that the magnetization can be reduced. The SAF structure is also being pursued because it was theoretically predicted to significantly increase the switching speed and reduce the J c value in the MTJ devices [24, 25] . Additionally, the velocity of domain wall motion in the SAF layers was found to be largely enhanced [26, 27] . which is a little lower than that of the single layer FePd thin film. One probable reason is the formation of the FePdRu x alloy at the Ru/FePd interface due to the Ru diffusion [33] . Meanwhile, the H K is determined to be ~8.9 kOe from the in-plane M-H loop. The PMA constant K u of the FePd p-SAF structure is then evaluated to be ~10.2 Merg/cm 3 following the equation used before, which is several times larger than that of interfacial PMA materials (e.g. Ta/CoFeB/MgO structure).
Normally, the shape of the out-of-plane M-H loop of the p-SFA systems depends on the competition between the PMA and the antiferromagnetic coupling, so one can determine the type of the antiferromagnetic coupling exhibited from the M-H loop of the p-SFA sample [34] . For the FePd p-SAF structure as shown in Fig. 1(a) , we can clearly observe the spin-flop switching between two FePd layers at the high external magnetic field. Meanwhile, the spin-flip switching appears at the low external magnetic field, implying that two FePd layers form the antiferromagnetic alignment.
This also indicates that the strength of antiferromagnetic coupling between two FePd layers is larger than that of the PMA of FePd SAF structure. Following the equation [34] , the J iec of the FePd p-SAF structure was calculated to be ~-2.60 erg/cm 2 , where K u,eff is the magnetic anisotropy, H ex is the exchange field (~9.2 kOe for FePd SAF structure) and t FM is the thickness of the FePd PMA layer. This value is about one order of magnitude larger than that of the [Co/Pd] n p-SAF system with the same post-annealing temperature [29] .
In addition, previous reports show that the moderate antiferromagnetic exchange coupling performance can be observed at the second peak of oscillation with t Ru~0 .9
nm [35] . The difference in the optimal Ru thickness (t Ru~1 .1 nm) in this work is attributed to the relatively large roughness (~0.30 nm) from the Cr/Pt seed layer and the high deposition temperature used. This result is similar to that of the post-annealed [Co/Pd] n p-SAF structure with the strongest J iec when the t Ru is ~1.3 nm thick [29] .
B. Structural properties of the L1 0 -FePd p-SAF structure
The crystalline structure of the L1 0 -FePd p-SAF structure with a 1.1 nm thick Ru spacer was characterized by X-ray diffraction (XRD). The results are shown in Fig. 2(c) .
Normally, the Ru spacer forms the hexagonal-close-packed (hcp) phase like in the 9 Co/Ru [36] and [Co/Pd] n /Ru SAF systems [29] , generating the periodic oscillations of antiferromagnetic coupling due to the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction [36] . In our experiment, The Ru spacer interestingly also follows the (001)-orientated growth of the bottom FePd layer. The average in-plane lattice spacing is estimated to be 0.192 nm from the STEM image, which matches very well with the lattice spacing of the face-centered-cubic (fcc) phase Ru structure predicted by first principles calculation [35] , as shown in Fig. 2(d) . 
C. Magnetic properties of the L1 0 -FePd SAF p-MTJ stack
Based on the developed L1 0 -FePd p-SAF structure, which has a relatively smooth surface with root-mean-square (RMS) surface roughness of ~0.30 nm (Fig. 3 in ref 32), we designed and fabricated a full L1 0 -FePd SAF p-MTJ stack as shown in Fig. 3(a) . Using Ta or other metal layer to couple a hard magnetic layer with CoFeB 10 has been proposed and established as a standard for STT-RAM cells [37] . In this CoFeB/Ta/CoFeB p-SAF stack [38] .
Before integrating the [Co/Pd] n reference layer into the L1 0 -FePd SAF p-MTJ stack, its magnetic property and thermal stability were studied. After post-annealing using the same experimental condition as the FePd free layer, the [Co/Pd] n reference layer showed a square shape M-H loop with Hc ~1400 Oe, and a high quality (111) texture was also observed (Fig. 4 in ref 32 ). ( Fig. 5 in ref 32 ).
D. Magnetotransport properties of the L1 0 -FePd SAF p-MTJ devices
To study the magnetotransport property and thermal stability of the proposed structures, the L1 0 -FePd SAF p-MTJ stack illustrated in Fig. 3 in-plane MTJs with the MgO tunnelling barrier (500 mV for positive and 600 mV for negative bias directions) ( Fig. 6 in ref 32 ).
IV. CONCLUSIONS
We have realized a novel bulk perpendicular SAF structure and the integration of processes. Furthermore, this demonstrated L1 0 -FePd p-SAF structure could be used to study the domain wall motion, spin-orbit torques [43] , skyrmion [44] and antiferromagnetic spintronics [45] . These combined results provide significant potential in scaling p-MTJs below 10 nm for applications on spintronic memory and logic devices. Further optimization of the deposition process and patterning process is under way to improve its MR ratio. 
ACKNOWLEDGMENTS

